We present an all-optoelectronic THz imaging system for ex vivo biomedical applications based on photomixing of two continuous-wave laser beams using photoconductive antennas. The application of hyperboloidal lenses is discussed. They allow for f -numbers less than 1/2 permitting better focusing and higher spatial resolution compared to off-axis paraboloidal mirrors whose f -numbers for practical reasons must be larger than 1/2. For a specific histological sample, an analysis of image noise is discussed.
Introduction
During recent years, optoelectronic THz imaging has reached a maturity which allows for the implementation of more sophisticated imaging techniques known from the visible region of the spectrum, e.g. near-field (Hunsche et al 1998, Wynne and Jaroszynski 1999) and dark-field imaging (Löffler et al 2001) . As the spatial resolution of the systems improves and a variety of contrast mechanisms become accessible for image formation, biomedical applications of THz imaging are receiving growing attention (Arnone 2000) . However typical optoelectronic THz imaging systems (first demonstrated by Hu and Nuss 1995) are based on expensive femtosecond laser systems and have problems in generate narrow-linewidth spectral data. For these reasons, there is an interest in finding conceptual alternatives without giving up the advantages of the coherent detection scheme, namely the capability to measure both the amplitude and phase of THz signals over a large frequency range (several THz) with high signal-to-noise ratio (SNR). Therefore, THz generation by photomixing two continuous-wave (CW) laser beams holds much promise here because (i) the THz frequency and linewidth are pre-selected by the choice of the laser wavelengths and linewidths, and (ii) compact and inexpensive semiconductor lasers are gradually becoming accessible for such applications. The first implementation of a coherent all-optoelectronic THz measurement system was demonstrated in 1998 by Verghese et al (1995) . CW THz imaging using an all-optoelectronic CW system has only been demonstrated recently by us .
In this paper, we present an implementation of a CW THz optoelectronic imaging system employing hyperboloidal polyethylene lenses to enhance the spatial resolution of the system. Biomedical applications require a careful analysis of the spatial resolution of the system. We therefore investigate the resolution capabilities of the system experimentally. A quantitative analysis of the image noise of a biomedical sample is carried out. Comparisons between CW and pulsed imaging systems can be carried out on the basis of this analysis. Figure 1 shows the layout of our system as described by Siebert et al (2002) . Two optical waves, with independently tunable wavelengths centred around 800 nm, are generated in a purpose-built dual-colour CW Ti:sapphire laser consisting of two unidirectional, singlelongitudinal-mode ring cavities sharing a single Ti:sapphire gain medium which is pumped by two beams from a 5 W Coherent VERDI all-solid-state laser. An earlier version of the laser is described in detail by Siebe et al (1999) . In principle the Ti:saphire laser source could be replaced by commercially available diode lasers in combination with a tapered amplifier. The emitted laser beams are spatially combined with a 50/50 beam-splitter cube yielding two beams which are intensity-modulated at the difference frequency (0-10 THz) of the optical waves. The subsequent optical system is similar to that of a femtosecond THz transmission measurement system. One optical beam is guided via a computer-controlled mechanical delay line to the emitter antenna, the other is used to gate the receiver antenna. We employ two H-shaped photomixer antennas both with a 50-µm-long dipole and 5 × 10 µm 2 photoconductive gap on LT-GaAs grown at 270
Experimental set-up
• C (emitter) and 200
• C (detector), respectively, exhibiting measured carrier trapping times of 1.2 ps (emitter) and 0.35 ps (detector). Each photomixer is illuminated at 100 mW of optical power. The emitter is biased with a 25-kHz square-wave signal between ±12.5 V. This modulation allows lock-in detection of the THz signal. The lock-in time constant is set to 20 ms.
The THz radiation is coupled out of the emitter via a hyperhemispherical Si substrate lens of 2 mm diameter, collimated by an off-axis paraboloidal mirror and focused by a planohyperboloidal polyethylene lens. The lens used has a focal length of 2.0 cm while having a free aperture of 6.0 cm and a thickness of 2.0 cm at the apex. The insertion loss of the two lenses together is about 20% and mainly stems from reflection losses at the interfaces. (In the future all focusing elements, including the two mirrors will be replaced by such custom designed lenses in a linear sequence.) The THz beam is then passed through the sample and guided onto the detector antenna with the reverse sequence of optics.
The SNR is defined in terms of the mean electric field amplitude versus its standard deviation. The maximum signal-to-noise ratio (SNR) obtained at 1 THz without a sample in the beam path (i.e. for the maximum signal) is 100:1.
For THz imaging the sample is mounted on a computer-controlled x-y translation stage. As indicated in the inset in figure 1 it can be moved continuously along a meandering path through the focus of the THz beam. The relative phase of the THz signal is varied by translating the optical delay line. In order to obtain the shortest possible data acquisition time when generating an image, we take advantage of the extremely long coherence length of the two optical single-mode frequencies. During the spatial scan over a row (x-axis) of the object, the optical delay line is moved with constant velocity without changing its direction. For each pixel of the image, the phase of the detected THz wave is varied over two THz periods. Twelve temporal data points per period are sampled and employed for the evaluation of both amplitude and phase of the sinusoidal THz field. At the end of each row of pixels both the optical delay stage and the object's translation stage change directions simultaneously; the object in addition is moved to a new y-position. For each object, a reference scan of the time delay is taken without the sample or at a transparent point on the sample covering the same optical path length as during a scan of a row of pixels. It is taken both in forward and backward direction to compensate for any differences in the phase of the signal due to the change of the scanning direction.
Spatial resolution
The spatial resolution of a THz system for a given frequency is defined by the spot size on the sample. The spot size for a Gaussian beam is directly proportional to the f -number of the focusing element. The f -number is given by f/d, where f is the focal length or the off-axis distance in case of off-axis paraboloidal mirros and d is the diameter of the focusing element. For paraboloidal mirrors f/d is always larger than 1/2 if an object has to be brought into the focus. In contrast hyperboloidal polyethylene lenses allow for f/d < 1/2. In our case f/d = 1/3. Thus the use of lenses allows much tighter focusing and therefore a resolution enhancement with respect to paraboloidal mirrors. Moreover, such lenses have the additional advantage that they can be manufactured in-house from high density polyethylene. They are relatively thin even for large apertures, and can be positioned easily because their principal plane is always at the lens apex. Their focus is in principle aberration-free while for paraboloidal mirrors it is difficult to adjust without aberrations.
In order to determine the focal diameter of the CW THz imaging system and to determine the blurring of the image due to the continuous-scanning technique, the edge of a 30-µm-thick steel foil was moved across the focus of the THz beam. The experiment was carried out at a frequency of 1.1 THz. In figure 2 the relative transmitted THz power is plotted versus the spatial position of the edge. The grey curve denotes a stepped translation of the edge whereas the black curve shows the data for the edge being moved across the beam with constant velocity. In both cases, the distance between the centres of neighbouring pixels was 10 µm. The two curves are in close agreement with each other which shows that the continuous scanning does not blur the edge sharpness of the image. The 10%-90% rise in the transmitted power occurs over 320 µm for both scanning techniques, which provides a measure for the focal spot size of the imaging system. It is worth noting that the signal fluctuations seen in the data stem mainly from interference effects and only to a minor amount from noise. The logarithmic presentation of the same curve is given in the inset of figure 2. The signal fluctuations on both sides of the scan are due to interference between light passing undisturbed and light scattered from the edge. Further away from the edge, the amount scattered is equal in both cases such that the impact of the interference on the signal decreases with increasing signal strength. Thus on the logarithmic plot the interference is much more pronounced on the low signal side (where it is of the order of the signal) than on the high-signal side. In addition the small signal tail to the right indicates that the periphery of the beam profile falls off more slowly than a Gaussian as it drops below 1% of the total beam power. The logarithmic presentation of the scan of the steel edge through the focus also gives a measure for the dynamic range of the system. It is defined as the quotient between the maximum and the minimum detectable signal. It is generally larger than the SNR. For our system the dynamic range (power) extends over at least three orders of magnitude.
Image quality
The image noise depends on the amount of THz power transmitted through the sample. Therefore it is not fully sufficient to give the system parameters such as the maximum SNR and the dynamic range. In the following, we therefore demonstrate CW THz imaging from a more complex sample, a formaline-fixed, dehydrated and wax-mounted slice through a canine skin tumour (basal cell tumour, see photograph in figure 3(a) ). The size of the sample was 32 mm × 24 mm × 3 mm. (standard deviation divided by mean, Fitzgerald et al (2002) ), has to be considered. For an evaluation of the image noise at least 40 pixels in an area of the image with homogeneous properties should be analysed. The signal used for image formation in a CW system can either be amplitude or phase. In our test measurement the relative power transmission for a line scan over an area with pure wax at fixed y-position (line 3 in the THz image) is investigated. The raw data are plotted in figure 4 . A relatively high variation of the transmitted THz power can be observed due to inhomogeneities in the sample. For the noise evaluation a section with homogeneous characteristics (pixels 43 to 89 as indicated by the arrows) was chosen. The image noise for the relative power transmission turns out to be 13:1 (corresponding to 26:1 for the field amplitude). This is comparable to numbers obtained with pulsed THz imaging systems .
Summary
In summary, we have demonstrated a continuous-wave all-optoelectronic THz imaging system at 1 THz. The signal-to-noise ratio in terms of the electric field is better than 100:1, and the focal spot size is of the order of one wavelength. With the same antenna the system is suited to record images in the region between 0.2 THz and 1.5 THz. The image noise is of the same order of magnitude as in pulsed THz systems. The CW THz imaging system has proved to be competitive with state-of-the-art pulsed systems in image quality and data acquisition time. While enabling a down-scaling of the laser price, size and complexity of the system the CW system can provide data with a frequency resolution not achievable with pulsed systems.
